The EELV measurement with the helium dilution technique (at low volumes) and modified nitrogen washout/washin technique (at all lung volumes) correlates well with CT scan and may be easily used in clinical practice.
Abstract

Introduction:
End Expiratory Lung Volume (EELV) measurement in the clinical setting is routinely performed with the helium dilution technique. A ventilator which implements a simplified version of the nitrogen washout/washin technique is now available. We compared the EELV measured by spiral computed tomography (CT) taken as gold standard with the lung volume measured with the modified nitrogen washout/washin and by the helium dilution technique.
Methods:
We enrolled patients admitted to our ICU who required ventilatory support and who needed, for clinical reasons, thoracic CT scanning. We performed two EELV measurements with the modified nitrogen washout/washin (increasing and decreasing FIO2 by 10%), one EELV measurement with the helium dilution technique and a CT scan. All measurements were taken at 5 cmH2O airway pressure. Each CT scan slice was manually delineated and gas volume was computed with custommade software.
Results:
Thirty patients were enrolled (age 66+/-10 years, body mass index 26+/-18 Kg/m2, male/female ratio 21/9, PaO2/FIO2 190+/-71). The EELV measured with the modified nitrogen washout/washin showed a very good correlation (r2=0.89) with the data computed from the CT with a bias of 94+/-143 ml (15+/-18%, p=0.001), within the limits of accuracy declared by the manufacturer (20%), and was shown to be highly reproducible, either decreasing or increasing the FIO2 being the bias 117+/-170 and 70+/-160 ml (p=0.27), respectively. The EELV measured with the helium dilution method showed a good correlation with CT scan data (r2=0.91) with a negative bias of 136+/-133 ml, and appeared to be more correct at low lung volumes.
Conclusions: Introduction
The damages induced by mechanical ventilation in ALI/ARDS lung and named barotrauma [1] , volotrauma [2, 3] , atelectrauma [4, 5] and biotrauma [5, 6] , depending on the emphasis given on the pathogenic mechanism, are all caused by the unphysiological stress and strain applied to the whole lung or to particular regions of the ventilated lung [7] . Stress and strain are linked by a remarkably constant proportionality function: the specific lung elastance [8] . Consequently, knowing the lung stress (i.e. the transpulmonary pressure) or the strain (the change in volume of the lung relative to its rest position, the functional residual capacity), allows to better define the mechanical characteristics of the system and to design a safer mechanical ventilation. While the stress requires the measurement of the esophageal pressure, the strain requires the measurement of the lung volume. In the ICU setting the measurement of lung volume is not routinely performed; in our practice we use since several years the helium dilution technique which requires an appreciable amount of time and work to be accomplished [9, 10] . A new technique has been recently proposed (LUFU, acronym for Lung FUnction), based on a modified nitrogen washout / washin by using a side stream fast oxygen analyzer [11] , which is not yet commercially available, showed a good accuracy in lung volume computing when compared to the helium dilution technique [12, 13] .
Another different modification of the nitrogen washout technique has been implemented in mechanical ventilator [14] . This technique is the subject of the present investigation, as the ventilator in which is implemented is equipped with a supplemental pressure port through which the esophageal pressure could be continuously measured breath by breath. Indeed this ventilator incorporates the technology for measuring both the lung stress (the transpulmonary pressure) and the lung strain (volume change divided by the functional residual capacity) [8, 15] . Therefore, to assess the accuracy of the Engstrom Carestation to measure gas volume (and strain) we set up a comparative study. The end expiratory lung volume (EELV), at 5 cmH 2 O airway pressure, was measured by helium dilution technique, nitrogen washout/washin technique and by CT scanning, taken as the reference gold standard [16] . 
Materials and methods
Study population
Data collection
The CT scan was performed at end expiration at 5 cmH 2 O PEEP which is the standard pressure at which we take CT scan for clinical purposes, and thereafter the patients underwent the measurement of the end expiratory lung volume with nitrogen washout/washin performed with the Engstrom Carestation ventilator and with helium dilution at 5 cmH 2 O PEEP. The nitrogen washout/washin was performed either decreasing or increasing the F I O 2 . The average result of these two measurements allowed to assess the accuracy of the Engstrom Carestation related to the CT. Each sequence (decreasing or increasing the F I O 2 ) was performed two times to assess the precision (repeatability) of the technique. The accuracy of the helium dilution technique was assessed relative to the CT scan measurement and only one measurement was performed, as the precision of this method was previously tested and it is known [18] .
Quantitative computed tomography analysis
The CT scanner was set as follows: collimation, 5 mm; interval, 5 mm; bed speed, 15 mm per second; voltage, 140 kV; and current, 240 mA. A whole lung CT scan was performed at a PEEP value of 5 cmH 2 O during an end-expiratory pause. Immediately before each CT scan was obtained, a recruitment manoeuvre was performed. Lungs profile was manually delineated in each crosssectional lung image, in order to identify the regions of interest (ROI). Each ROI was then processed and analyzed by a custom-designed software package (Soft-E-Film, University of Milan), as described in previous studies [19] .
We assumed that lung tissue have a density close to the water (Hounsefield unit number 0) and considered each voxel made of lung tissue and air (Hounsefield unit number -1000). Gas volume can be computed from the Hounsefield number of each voxel according to the following formula:
The EELV is the sum of gas volumes present in all the voxel included in the lung profiles.
Nitrogen washout/washin technique:
The nitrogen washout/washin technique is based on the following principle: the gas lung volume, at baseline, includes a volume of nitrogen (V (1) N 2 ) which is determined by the alveolar fraction of nitrogen (F A N 2(1) ) (which varies inversely to the alveolar oxygen fraction) and by the EELV accordingly to the following relation:
If the alveolar nitrogen fraction (F A N 2 (2) ) is changed by changing the inspired oxygen fraction (F I O 2 ) a new nitrogen volume (V (2) N 2 ) will be present in the lung after the equilibrium time:
(2) V (2) N 2 = F A N 2(2) *EELV Assuming that, after changing the F I O 2 , the total EELV does not change until the new equilibrium in alveolar gas composition is reached, subtracting term by term in the equation 1 and 2 the following relationship holds true:
, the EELV can be calculated as:
where ∆N 2 equals the nitrogen exhaled after the change of inspired F I O 2 until the equilibration time is reached (approximately 20 breaths).
The algorithm of the N 2 washout/washin technique employed by the Engstrom Carestation is detailed by Olegard et al. [14] . Nitrogen concentration in expired and inspired air is not directly measured but estimated from the end tidal concentrations of oxygen and carbon dioxide:
The alveolar ventilation was computed as: The Vb was inflated with 1500 ml of Helium-oxygen mixture at 25 degrees. The volume measured was corrected for body temperature (37 O C) using the Gay-Lussac law.
We performed first the CT scan, then the helium dilution technique and at the end the modified nitrogen washout technique. The helium dilution technique and the modified nitrogen washout technique were performed at the CT scan facility without moving the patient from the bed; thus maintaining the patient's condition unmodified. The whole experimental procedure (nitrogen washout/washin, helium dilution and CT scan was performed in a total time of about 5 minutes.
Lung mechanics
The total inspiratory resistance of the respiratory system was computed by dividing the difference in peak inspiratory airway pressure and the plateau inspiratory pressure, measured during an end inspiratory pause, and the inspiratory flow preceding the occlusion. The compliance of the respiratory system was computed diving the plateau inspiratory pressure measured during an end inspiratory pause and the tidal volume. 
CT scan and nitrogen washout/washin
As shown in Figure 1 Figure 2 .
The accuracy of the nitrogen washout/washin method was similar either increasing or decreasing the F I O 2 , being the bias respectively 117±170 and 70±160 (p=0.27). The precision of the nitrogen washout/washin measurements is shown in Figure 3 which underlines the high reproducibility of the method, being the difference between the two measurements .48±165 ml, not statistically different from zero (p=0.12).
CT scan and Helium dilution
As shown in Figure 4 (Panel A) the EELV measured by helium was highly correlated (r 2 =0.91) with the EELV computed by the CT scan. The Bland-Altman plot (Panel B) revealed a negative bias of -136±133 ml (16±13%, p<0.001). The Bland-Altman plot showed also a significant negative correlation between the increase of EELV and the difference between the volume measured by the CT scan and the volume measured by the helium dilution technique. Indeed the EELV measured by helium dilution is more accurate at low lung volumes and the accuracy of the measurement decreases increasing the gas lung volume.
Nitrogen washout/washin and helium dilution
As shown in Figure 5 (Panel A) the EELV measured by helium was well correlated (r 2 =82) with the EELV computed with the nitrogen washout/washin technique with a negative bias of -229±164 ml, (40±26%, p<0.001), see Bland-Altman plot, Figure 5 , Panel B.
Discussion
The primary finding of this paper is that the three different methods we tested to measure the EELV in critically ill patients: gas volume computed from lung density measured by computed tomography, simplified nitrogen washout/washin technique and helium dilution technique are in reasonable agreement.
The computed tomography measures the lung density and estimates gas volume assuming that lung is composed by two compartments with very different densities: lung "tissue" and gas [19] .
Consequently, computed tomography estimates accurately the lung inflation independently on how the different lung regions are ventilated. In contrast, both nitrogen washout/washin and helium dilution technique for EELV determination rely on ventilation and measure the fraction of EELV which is ventilable; i.e. non-ventilated or poorly ventilated lung compartments will be excluded or underestimated. In this study this fraction is likely of minor importance, as we excluded from our study patients with a diagnosis of COPD or other airway disease, in whom the difference between CT measurement and the ventilation-based techniques may be relevant, at least in theory.
Nitrogen dilution was first employed by Durig in 1903 [22] but nitrogen washout/washin techniques did not gain widespread application outside the research setting since nitrogen needs to be measured with a mass spectrometer. Fretschner in 1993 proposed a method to measure the EELV with no need to directly measure the nitrogen concentration [23] but relying on oxygen and carbon dioxide measurement. The proposed method, however, implied a 30% change in F I O 2 and the synchronization between gas measurement and flow measurement. The methodology described by
Olegard [14] and implemented by the Engstrom Carestation overcomes these two limitations.
Synchronization problems are avoided computing the alveolar nitrogen concentration from end tidal carbon dioxide and oxygen concentrations and the F I O 2 changes are limited to only 10%, which can be considered safe even in critically ill patients. In our experimental setting this simplified nitrogen dilution technique showed an average overestimation of lung volume of 94±143 ml (15±18%, p<0.001), within the limits of accuracy declared by the manufacturer (20%). The technique demonstrated also to be highly reproducible, either increasing or decreasing the F I O 2 . Indeed it appears to be suitable for clinical application.
In this study we found that simplified helium dilution technique had a negative bias of 136±133 ml (16±13%) in respect to CT scan; the bias of the helium dilution technique increased linearly with EELV increasing. The simplified helium dilution technique we used, however, was developed to measure the small lung volume of ARDS patients ("baby lung"); it is possible that in patients with a higher EELV the equilibrium in the system (balloon plus lungs) is not reached with 10 normal breaths. Actually, the equilibrium time is function of the time constant of the system, which is the product of the compliance of respiratory system and the airway resistances. The time constant, indeed, is short in ALI/ARDS (low compliance), while it is high in patients with COPD, emphysema or any condition which increase lung compliance and airway resistance. During the helium dilution technique, differently from the nitrogen washout technique, no fresh gas ventilation occurs and a reduction in lung volume due to oxygen absortive phaenomena is possible, even if data present in literature show that its effect should be neiligible [24, 25] . Accordingly the difference between the EELV measured with the CT scan and the EELV measured with the helium dilution method was negligible at lower lung volumes and become consistent increasing the EELV. The helium dilution technique was performed in 10 breaths; instead the simplified nitrogen washout/washin required 20 breaths to reach equilibrium and this may in part account for the difference between the two techniques based on ventilation. Moreover helium dilution method is prone to other error sources as the helium concentration in the gas tank, which usually have a tolerance degree of about ~5% and a possible diffusion of helium out of the balloon. In addition the possibility of helium uptake during EELV measurement had been discussed in the literature with controversial results [26, 27, 27, 28] . Theoretical considerations show that the possible helium uptake is limited: the solubility coefficient of helium is 1.13*10 -5 ml/ml/mmHg [29] with a maximal body helium uptake of ~45 ml in 40 liters body water and ~5 ml in well perfused body compartment.
Conclusions
The CT remains the gold standard for gas lung volume, the helium dilution is clinically acceptable when applied in patient with short time constant of the respiratory system, and nitrogen dilution technique appears to be simple and effective.
Key messages
• The EELV measured with modified nitrogen washout technique well correlates with CT scan and is useful for clinical purposes. 1 shows the baseline characteristics of the study population; plateau pressure, respiratory system compliance and arterial blood gas data were measured during the study, standardized at 5 cmH 2 O PEEP. 
Figure legends
Figure 3
Panel A shows the relationship between the EELV measured increasing the inspired oxygen fraction as a function of the EELV obtained decreasing the inspired oxygen fraction. The EELV obtained increasing the F I O 2 was -56 + 1.0078*EELV obtained decreasing the F I O 2 (r 2 =0.84, p<0.0001). Panel B shows the Bland-Altman plot of the EELV measurement obtained increasing the inspired oxygen fraction and the EELV obtained decreasing the inspired oxygen fraction. The X axis shows the mean of the two measurements and the difference between the EELV measured increasing the inspired oxygen fraction and the EELV obtained decreasing the inspired oxygen fraction is shown on the Y axis (average difference 48±165ml, limits of agreement -117-213 ml).
Figure 4
Panel 
Figure 5
Panel A shows the EELV measured by the helium dilution as a function of the EELV measured by nitrogen washout/washin method (EELV helium dilution = 290 + 0.92*EELV GE, r 2 =0.82,p<0.00001). Panel B shows the Bland-Altman plot of the EELV measured with the nitrogen washout/washin technique and the EELV measured with the helium dilution method. The X axis shows the mean of the two measurements and the difference between the EELV measured by then helium dilution method and the nitrogen washoutwashin measured by the CT scan is shown on the Y axis (average difference -229±164 ml, limits of agreement -558 -100 ml). 
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